Background: Colistin is the last drug option for the treatment of MDR Gram-negative bacterial infections. Several types of resistance to colistin have been identified, including hetero-resistance, which has been observed in several Gram-negative pathogens. During a routine surveillance project on antimicrobial resistance, we found abnormal colistin-resistant Enterobacter asburiae and Enterobacter cloacae isolates. E. cloacae is an intestinal commensal bacterium and a well-known opportunistic nosocomial pathogen.
Introduction
Enterobacter spp., including Enterobacter cloacae, are Gramnegative opportunistic nosocomial pathogens and colonize the intestines of 40%-80% of the human population. 1 Recent reports have revealed that MDR is significantly increased in E. cloacae due to intrinsic and acquired resistance traits. 2 Colistin, also called polymyxin E, and polymyxin B are polycationic antimicrobial peptides that are last-line therapeutic options for treating infections caused by MDR Gram-negative bacteria. 3 Colistin hetero-resistance is defined as 'the emergence of resistance to colistin by a subpopulation from an otherwise susceptible (MIC 2 mg/L) population' and may be linked to exposure to a suboptimal colistin concentration. 4 Clinical treatment with colistin against hetero-resistant E. cloacae may inadvertently induce cross-resistance to the components of the host's innate immune system, as has been reported previously. 5 The well-known strategies employed by Gram-negative bacteria to protect themselves from cationic antimicrobial peptides are alterations of outer membrane LPS structures by covalent modifications of the lipid A moiety of LPS through the addition of phosphoethanolamine and 4-amino-4-deoxy-L-arabinose, along with deacylation and hydroxylation. 6 Colistin resistance in Klebsiella pneumoniae and Enterobacter aerogenes was observed with constitutive activation and subsequent overexpression of LPS-modifying genes, which were regulated by specific mutations in pmrB (the sensor kinase of the pmrA/pmrB two-component system) and mgrB. 6 Efflux pumps have physiological functions in bacteria and confer innate resistance to a wide range of toxic compounds, such as antibiotics, dyes, detergents and disinfectants, in members of the family Enterobacteriaceae. The expression of porins and efflux pump components is jointly controlled by several positive global regulators, which respectively decrease and enhance the transcription of V C The Author 2017. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please email: journals.permissions@oup.com.
specific genes, such as acrAB and tolC, directly or via a regulation cascade. [7] [8] [9] Yet for most systems we know very little about their function and the signals controlling pump expression. A comprehensive understanding of the molecular mechanisms of drug extrusion and the regulation and physiological functions of efflux pumps is essential for the development of anti-resistance interventions. 10 Colistin-hetero-resistant Enterobacter asburiae LH74 and E. cloacae NH52 strains were isolated from human stool samples collected in Laos and Nigeria. Here, we utilized WGS, followed by transposome mutagenesis and transcription analysis, to investigate the molecular support for colistin hetero-resistance. We have demonstrated that soxRS regulates the expression of the acrABtolC efflux pump and induces the colistin hetero-resistance.
Materials and methods

Collection of samples and ethics
Stool samples from asymptomatic humans were collected in Laos (SouthEast Asia) and Nigeria (West Africa) during the year 2012-13, as described previously. 11 Approval was given by the Ministry of Health Council of Medical Sciences, National Ethics Committee for Health Research (NHCHR) and the Lao PDR (No. 51/NECHR). Stool samples from patients in Laos and Nigeria were recovered by standard hospital procedures and because the stool samples in Nigeria were recovered during standard hospital procedures no written consent was needed, in accordance with the Law No. 2004-800 'On Bioethics' published in the Journal Officiel de la République Française, 6 August 2004, and because no additional samples were taken for the study. Samples were transported to the laboratory in sterile vials and were preserved at #80 C until processing.
Strain isolation and selection
Briefly, 1 g of each stool sample was diluted in 1 mL of sterile water and then 100 lL of the diluted sample was inoculated into tryptic soy broth (bioMérieux, Marcy-l' Etoile, France) and incubated at 37 C for 24 h. Screening for likely colistin-resistant bacteria was conducted using BD Cepacia Medium (Becton Dickinson, Heidelberg, Germany), which is normally used to isolate Burkholderia spp., while screening for colistinsusceptible bacteria was conducted using MacConkey agar (bioMérieux), by inoculating the cultured broth onto these media, followed by incubation at 37 C for 24-72 h. Bacteria showing pinkish colonies on BD Cepacia Medium (mostly within 48 h), or lactose fermenters on MacConkey agar, were subcultured onto chocolate agar (bioMérieux) and were identified by 16S rRNA sequence analysis and MALDI-TOF MS, as previously described.
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Strains, culture media and plasmids All isolated strains were maintained on Mueller-Hinton (MH) agar at 37 C. The strain was identified using a MALDI-TOF Biotyper (Bruker Daltonics, Wissembourg, France). Electrocompetent Escherichia coli TOP10 was obtained from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Plasmid pZE21MCS-1 was received from the laboratory of Professor Morten O. Sommer (Technical University of Denmark, Lyngby, Denmark). All strains were maintained on LB and MH agar at 37 C. Kanamycin (Sigma-Aldrich) was dissolved in sterile water at 50 mg/L and was then further diluted in selective medium for plasmid stability. Colistin sulphate and the efflux pump inhibitor (EPI) phenylalanine-arginine b-naphthylamide (PAbN) were obtained from Sigma-Aldrich.
Genomic DNA preparation for sequencing E. asburiae LH74 and E. cloacae NH52 were grown aerobically on 5% sheep-blood-enriched Columbia agar (bioMérieux) at 37 C. Genomic DNA was extracted according to the guidelines provided by EZ1 DNA Investigator from QIAGEN (Courtaboeuf Cedex, France). The DNA was washed three times using UltraPure TM phenol:chloroform:isoamylalcohol (25:24:1, v/v/v) (Thermo Fisher Scientific Inc., Waltham, MA, USA) and was precipitated with ethanol at #20 C overnight. Following centrifugation, the DNA was suspended in 65 lL of elution buffer. The genomic DNA concentration was measured using the Qubit assay with the high-sensitivity kit (Life Technologies, Carlsbad, CA, USA).
Genome sequencing, assembly and annotation
The genomic DNAs of E. asburiae LH74 and E. cloacae NH52 were sequenced on the MiSeq sequencer (Illumina, San Diego, CA, USA) with the Mate Pair strategy. The genomic DNA was barcoded in order to be mixed with 11 other projects with the Nextera Mate Pair Sample Prep Kit (Illumina). The entire process was performed according to a previously reported protocol. 12 The reads obtained were assembled using the A5-miseq pipeline and CLC genomics WB4 version 4.9, and annotated by the Prokka bacterial genome annotation pipeline. 13, 14 Multiple genome alignment with the closest reference genome sequence from the National Center for Biotechnology Information (NCBI) was carried out with the Mauve alignment tool. 15 A codon code aligner was used to assemble the Sanger DNA sequence reads. The assembled DNA sequences were BLASTed (on 20 January 2016) against bacterial genomes in the KEGG database to retrieve the sequence information, including gene name and orthology. Global nucleotide and amino acid identity was determined using EMBOSS alignment tools. Our laboratory-developed antibiotic resistance database (ARG-ANNOT) and the Comprehensive Antibiotic Resistance (CARD) database were used for in silico prediction of antibiotic resistance genes within the sequenced genomes. 16, 17 Random insertion mutagenesis and rescue of interrupted genes
The EZ-Tn5 TM ,R6Kcori/KAN-2. Tnp Transposome TM kit (Epicenter, Tebubio, Le Perray-en-Yvelines, France) was used to construct the transposon mutagenesis library of E. asburiae LH74 and E. cloacae NH52. Briefly, 1 lL of the EZ-Tn5 ,R6Kcori/KAN-2. Tnp Transposome was electroporated in electrocompetent E. asburiae LH74 and E. cloacae NH52 cells using a BioRad genepulser electroporator: 2.0 kV voltage, 200 X resistance and 25 mF capacitance. The cells were immediately recovered by adding 1 mL of super optimal broth with catabolite repression (SOC) medium, followed by incubation under shaking conditions at 37 C for 45 min. The library was titred, followed by enrichment in LB broth and stored at #70 C for further processing. One hundred microlitres of the 1:50 diluted library was plated on LB agar medium containing kanamycin at a 50 mg/L final concentration. Each single colony was picked and grown in 96-well plates for 24 h. All the clones from the 96-well plates were replica-plated on two different LB agar plates, so that one had kanamycin (50 mg/L) and another a combination of colistin (50 mg/L) and kanamycin (50 mg/L). The clones that were unable to grow on LB medium containing colistin and kanamycin were picked and subjected to GenomeWalker PCR amplification to discover the transposome insertion region in the genomic DNA ( Figure S1 , available as Supplementary data at JAC Online). In brief, the genomic DNA of selected Tn5 mutant clones was digested with PvuII and DraI overnight at 37 C. The generated genomic DNA fragments were ligated with GenomeWalker oligonucleotide adaptors using T4 DNA ligase. The ligation reaction was heat inactivated (65 C for 15 min) followed by dilution with addition of 72 lL of Tris-EDTA buffer (10 mM, pH 7.5). The PCR was performed using 1 lL of diluted ligation mixture. The upstream and downstream DNA sequences flanking Tn5 insertion was determined by GenomeWalker PCR amplification with the adaptor primer KAN-2 FP-1 forward and R6KAN-2 RP-1 reverse ( Figure S1 ). The primers used for this study are listed in Table S1 .
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RNA isolation and RT-PCR
Total cellular RNA was isolated using the RNAprotect V R Bacteria Reagent kit (QIAGEN) according to the manufacturer's instructions. RNA samples were treated with RNase-free DNase I (Ambion, CA, USA) to digest residual chromosomal DNA and purified with the RNeasy Kit (QIAGEN) prior to quantification with a Nano-Drop V R ND-1000 UV-Vis Spectrophotometer (Applied Biosystems, Carlsbad, CA, USA). A SuperScript V R III Platinum V R One-Step Quantitative RT-PCR system with ROX kit (Thermo Fisher Scientific Inc.) was used for sensitive, reproducible, endpoint detection and analysis of mRNA (20 ng of total RNA used for RT-PCR) with a CFX96 Touch TM RT-PCR detection system (Bio-Rad, USA). RT-PCR primers and probes were designed to quantify the transcription levels of tolC, acrA, acrB, marA, marR, acrR, ompF, soxR, soxS, ramA, robA, porin, mgrB, pmrC and arnA genes from strains that were colistin hetero-resistant and susceptible. RT-PCR primers were obtained from Eurogentec (Angers, France) and fluorescently labelled TaqMan probes were ordered from Applied Biosystems (CA, USA). The housekeeping gene rpoB was used as an internal control. Comparison with the rpoB gene allowed the calculation of the fold change in gene expression by the comparative threshold cycle (CT) method. 18 Colistin-susceptible E. asburiae LH70 (MIC 0.125 mg/L) and E. cloacae NH141 (MIC 2 mg/L) isolated from similar human samples were used for comparative analysis of gene expression. The primers used in this study are listed in Table S1 .
Construction of the soxRS overexpression plasmid and strain
The recombinant plasmid was constructed by cloning the full soxRS gene in the pZE21 MCS-1 plasmid. The full soxRS gene with the promoter region from E. asburiae LH74 and E. cloacae NH52 was PCR amplified using soxRS forward and soxRS reverse primers and ligated into the HincII site of the pZE21 MCS-1 plasmid, then transformed into electrocompetent E. cloacae NH141 cells using a Bio-Rad genepulser electroporator: 2.0 kV voltage, 200 X resistance and 25 mF capacitance. Transformation mixture (100 lL) was plated on an MH agar plate containing 50 mg/L kanamycin antibiotic. Transformants were randomly selected and further confirmed by plasmid extraction and restriction mapping, followed by PCR amplification of the ligated gene and DNA sequencing using primers pZE21_81_104_57C and pZE21_151_174rc_58C.
Antibiotic susceptibility and EPI assay
Antibiotic susceptibility was determined using ready-to-use antibiotic strips and discs according to the manufacturer's (bioMérieux) instructions on MH agar plates with a 0.5 McFarland inoculum in sterile water and interpreted as indicated by EUCAST guidelines (EUCAST breakpoint tables for interpretation of MICs, version 4, 2014; http://www.eucast.org). The well-known EPI PABN was added to MH agar medium at final concentrations of 0.1, 0.2 and 0.5 mM to assess its activity on antibiotic susceptibility.
Results
Strain identification and genome analysis
A total of 53 colistin-resistant bacteria were isolated, comprising five bacterial genera (Table S2 ). All colistin-resistant bacteria were subjected to identification by MALDI-TOF MS. Among the 53 colistin-resistant strains, E. asburiae LH74 and E. cloacae NH52 were hetero-resistant to colistin with MIC values 256 mg/L. Therefore, we selected the E. asburiae LH74 and E. cloacae NH52 strains in order to elucidate the molecular mechanism of heteroresistance. Furthermore, we isolated susceptible Enterobacter sp. strains assigned as E. asburiae LH70 and E. cloacae NH141 for comparative studies. The susceptible strains were retrieved from the same samples as those where colistin-hetero-resistant strains were found. Colistin-hetero-resistant strains were subjected to WGS and genome sequences were deposited in the EMBL GenBank. The E. asburiae LH74 genome is 4858268 bp long (no plasmid) with a 55.7% GC content (GenBank accession number PRJEB12511). The genome is composed of 4520 protein-coding genes and 86 tRNAs, 12 rRNAs and 1 tmRNA. The E. cloacae NH52 genome is 5159346 bp long (no plasmid) with a 55% GC content (GenBank accession number PRJEB12512). The genome is composed of 5195 protein-coding genes and 77 tRNAs, 4 rRNAs and 1 tmRNA. In silico analysis of the E. asburiae LH74 and E. cloacae NH52 genomes identified complete ORFs of antibiotic resistance genes for b-lactam, chloramphenicol, lincosamide and fosfomycin, as well as acrABtolC, mexF, emrAB, acrABC, mdt, mds and tcmA efflux pump proteins involved in drug extrusion (Tables S3 and S4 ). In vitro analysis of antibiotic susceptibility testing found that E. cloacae NH52 was resistant to amoxicillin, amoxicillin/clavulanic acid, cefoxitin, chloramphenicol, ciprofloxacin, colistin, erythromycin, fosfomycin, linezolid, oxacillin, ofloxacin and trimethoprim/sulfamethoxazole (Table S5) . A similar antibiotic resistance pattern was observed for E. asburiae LH74, except for ciprofloxacin, ofloxacin and trimethoprim/sulfamethoxazole (Table S5) .
Role of acrAB-tolC in antibiotic susceptibility profile
The total size of the Tn5 insertion mutagenesis library for E. asburiae and E. cloacae was 2%10 4 kanamycin-resistant colonies/lg of Tn5. Five colistin-susceptible clones were found after screening 3000 colonies from each Tn5 insertion mutagenesis library of E. asburiae and E. cloacae. GenomeWalker PCR amplification analysis of all the obtained colistin-susceptible clones revealed that the Tn5 insertion was found within the tolC gene of E. asburiae and E. cloacae. The full length of the tolC gene sequence was PCR amplified with the tolC forward and tolC reverse primers, and subjected to Sanger DNA sequencing to determine the precise Tn5 insertion location. The selected tolC mutant E. asburiae clone showed significant reduction in colistin, erythromycin, oxacillin and linezolid antibiotic MICs as compared with the WT strain ( Figure 1 and Table S5 ). Similarly, we observed a significant reduction in colistin, erythromycin, amoxicillin/clavulanic acid and ofloxacin antibiotic MICs for the tolC mutant E. cloacae clone as compared with the WT strain. We tested the effect of EPI PAbN on antibiotic susceptibility and found that colistin, erythromycin, linezolid and oxacillin antibiotic MICs for E. asburiae LH74 and E. cloacae NH52 were dramatically reduced (Table 1) .
Transcriptional analysis
Transcription analysis showed overexpression of soxS, soxR and major constituents of resistance-nodulation-division (RND) class multidrug efflux pump genes, such as acrA, acrB and tolC in E. asburiae LH74 and E. cloacae NH52 as compared with respective controls (Table 2) . However, no changes in expression levels of marA, marR, acrR, ramA, robA, ompC, mgrB, arnA and pmrC genes were observed. We observed an increase in the MIC for colistinsusceptible Enterobacter species by plasmid-mediated overexpression of soxRS ( Figure S2 ). RT-PCR experiments showed the overexpression of acrA, acrB and tolC transcripts in the soxRS-overexpressing strain (Table 2 and Table S6 ).
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Discussion
Infections caused by MDR Gram-negative bacteria are increasing worldwide. MDR excludes many therapeutic options and has led to an increase in the use of intravenous polymyxin (polymyxin B and colistin) antibiotics. Colistin-hetero-resistant (MIC 256 mg/L) E. asburiae and E. cloacae strains were found in human faecal samples during a routine surveillance project on antimicrobial resistance. Colistin resistance, including hetero-resistance, has been reported in MDR Acinetobacter baumannii, K. pneumoniae and E. cloacae. 5, [19] [20] [21] Recently, colistin resistance in E. asburiae and E. cloacae has been reported in carbapenem-resistant clinical strains in several countries. [22] [23] [24] Multiple efflux pumps were also observed in the whole-genome sequence of colistin-resistant E. cloacae. 22 However, until now, the mechanism conferring such hetero-resistance in Enterobacter spp. has remained unknown. The major problem is that the treatment of such hetero-resistant bacteria with colistin increases the frequency of the resistant subpopulation and induced cross-resistance to the host antimicrobial lysozyme. 5 Therefore, systematic antimicrobial resistance surveillance and elucidation of molecular supports for antibiotic resistance are essential to diminish the emergence of future MDR microbial threats. We performed genome sequencing of E. asburiae and E. cloacae strains to find a possible colistin hetero-resistance mechanism by comparative genome analysis. The genome sequence analysis of E. asburiae and E. cloacae revealed the presence of multiple efflux pump proteins and a few b-lactam, chloramphenicol, linezolid and polymyxin antibiotic resistance genes. We did not find any insertion or deletion type of mutation in the genes phoP, phoQ, phoPQ, pmrA, pmrB, pmrAB, arnE, arnF and arnBCADTEF, which were previously probed for colistin resistance. 6 Therefore, we have constructed the transposome mutagenesis library of E. asburiae and E. cloacae and screened to obtain colistin-susceptible mutant clones. After screening thousands of colonies from the Tn5 mutagenesis library of E. asburiae and E. cloacae, we found a few clones that are susceptible to colistin (MIC 0.125 mg/L). GenomeWalker PCR analysis found that tolC is inactivated by insertion of Tn5. However, we analysed tolC mRNA level in tolC mutant clones by RT-PCR and found complete absence of tolC mRNA in mutant clones as compared with WT. It is well known that tolC is a major constituent of the multidrug acrAB-tolC efflux pump in Gram-negative bacteria. This indicates that insertional inactivation of tolC gene inactivates the normal function of the acrAB-tolC pump, followed by a change in the antibiotic susceptibility profile of the studied Enterobacter species. To further confirm the combined role of acrA, acrB and tolC in colistin-hetero-resistant Enterobacter species, the wellknown efflux inhibitor PAbN was used to block the efflux function of the acrAB-tolC pump. The acrAB-tolC pump is a well-studied efflux pump, composed of the inner membrane RND antiporter AcrB that functions in a tripartite assembly with a periplasmic adaptor protein, AcrA, and the outer membrane channel, TolC. 25 PAbN binds to the G-loop (also known as the switch loop or substrate binding loop) at acrB and subsequently inhibits the efflux of substrates through the acrAB-tolC pump. 26, 27 Similarly, we observed that the addition of PAbN to the test medium could significantly decrease the MICs for colistin-hetero-resistant Enterobacter strains. This indicates the acrAB-tolC efflux pump might have evolved to provide active antibiotic efflux in colistin-heteroresistant Enterobacter strains. Telke et al.
The acrA, acrB and tolC genes are not genetically clustered and their expressions are often regulated by common regulators at multiple levels in E. coli. [27] [28] [29] Three global regulators, (marA, soxRS and robA) and a two-component regulatory system (phoP/phoQ) were previously reported to induce the expression of acrAB and tolC genes in E. coli (Figure 2 ), while acrR and small RNA (ryeB) repress acrAB and tolC expression, respectively. 25 There are a number of reports showing that colistin resistance in Gram-negative bacteria is associated with the overexpression of genes involved in the modification of the outer membrane lipid A, 6 and very few have, superficially, reported the effect of a transcriptional regulator on polymyxin susceptibility. 8 Several reports have demonstrated that E. cloacae and its complex are associated with multiple human infections and it is the third most prevalent bacterium isolated in intensive care settings. 30 Yet very little is known about the acrAB-tolC efflux pump's specificity and its regulation in E. cloacae. The complete DNA coding sequences of the global regulators and the acrAB-tolC efflux pump were retrieved from E. asburiae and E. cloacae strains and confirmed by homology analysis with previously available gene sequences in the NCBI database. Transcription analysis was carried out to determine whether global stress response regulators (marA, soxRS, ramA and robA) trigger colistin resistance in E. asburiae and E. cloacae, and also to establish the molecular mechanisms underlying this response. Overexpression of acrA, acrB and tolC genes (which together constitute the acrAB-tolC efflux pump) was observed in the colistin-hetero-resistant strain as compared with the susceptible strain ( Table 2 ). In addition, there was no change in expression level of mgrB, pmrC and arnA genes, excluding the possible role of lipid A-modifying regulatory genes in colistin hetero-resistance in Enterobacter species. Our overall observations suggest that the acrAB-tolC efflux pump alone confers hetero-resistance to colistin and is partially responsible for maintaining resistance to a few other antibiotics in E. asburiae and E. cloacae. acrAB-tolC efflux pumps have broad substrate specificity and have been reported to reduce the susceptibility of E. coli to clotrimazole, cloxacillin, tetracycline, chloramphenicol, erythromycin, fusidic acid, puromycin, novobiocin, rifampicin and SDS. 10, 27, 31 Transcriptional regulators such as marA, soxRS, ramA and robA were previously reported to activate/inhibit the transcription of acrA, acrB and tolC genes. 32 RT-PCR experiments showed the overexpression of soxS, soxR, acrA acrB and tolC genes in colistinhetero-resistant strains. In addition, the overexpression of acrA, acrB and tolC genes was observed in the soxRS-overexpressing strain. This indicates that soxRS might be a transcriptional activator of acrA, acrB and tolC genes in colistin-hetero-resistant strains. It is well known that soxRS acts as a bacterial defence system that senses external stress and stimulates soxRS global regulation. 33 We assumed that cell stress produced by colistin might be the possible reason for the elevated level of soxRS in colistin-heteroresistant strains. Therefore, we checked the soxR and soxS transcription level in colistin-hetero-resistant strains exposed to a lethal concentration of colistin, but did not find any change in soxR and soxS transcriptional levels compared with respective controls (data not shown). Therefore, the question regarding the cause of elevated levels of soxRS in colistin-hetero-resistant Enterobacter strains remained unsolved. #DCT , where #DCT is the ratio of the crossing point target value to the crossing point reference value.
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Conclusions
This systematic approach, involving WGS and analysis, transposome mutagenesis and transcription analysis, revealed that colistin hetero-resistance in E. asburiae LH74 and E. cloacae NH52 is associated with soxRS-regulated overexpression of the acrAB-tolC efflux pump.
